Pneumococcal carriage and resistance vary markedly among communities and are not fully explained by individual predictors. Community risk factors may explain this variation. The authors geocoded addresses from a multicommunity sample of 710 Massachusetts children previously swabbed for pneumococcal carriage in 2001. Using regression models, the authors evaluated associations between census tract measures and pneumococcal carriage or resistance. Living in census tracts with an average household size of more than 2.9 predicted carriage (odds ratio = 3.0, 95% confidence interval: 1.7, 5.5), and living in socioeconomically disadvantaged census tracts conferred an additional two-to threefold odds of carriage equal to attending child care. Living in a census tract with a median household income of less than $35,000 predicted carriage among nonattendees (odds ratio = 2.7, 95% confidence interval: 1.7, 4.3). The predictive value of a low-income census tract was interchangeable with any of several socioeconomic measures, including poverty, unemployment, low educational attainment, and low owner occupancy, in addition to high density of children and limited household plumbing facilities. Furthermore, living in census tracts with low educational attainment significantly predicted resistance (odds ratio = 4.0, 95% confidence interval: 1.3, 12.7) and was interchangeable with a high density of children (odds ratio = 3.5, 95% confidence interval: 1.0, 11.7). The two-to threefold odds of pneumococcal carriage conferred by certain community characteristics suggest that these measures may target communities for interventions to decrease transmission. census; drug resistance; poverty; risk factors; Streptococcus pneumoniae Abbreviation: PNSP, penicillin-nonsusceptible Streptococcus pneumoniae.
Although many studies have addressed individual characteristics associated with higher risks of pneumococcal carriage, the question of whether community characteristics are predictive of pneumococcal carriage has not been addressed. If predictive, such information, which is publicly available, could be used to direct community-level interventions to improve vaccine penetration or to promote judicious antibiotic use. Community-level characteristics are readily available through US Census data, in comparison with personnel-and timeintensive collection of individual-level data. In addition, the existence of community predictors would emphasize the importance of neighborhood and environmental surroundings as exposures that affect transmission.
The incidence of invasive disease due to S. pneumoniae varies widely from community to community (1, 14) . Prior US data suggest a greater than twofold range in annual incidence across geographic regions at the city and county level per 100,000) (1) . This is also true for pneumococcal nasopharyngeal carriage (15, 16) , a precursor to invasive disease (17, 18) . Carriage has ranged from 14 percent to 52 percent in various cities and communities (15, 16, 19) . Although there are clear individual-level risk factors for pneumococcal carriage and disease, these measures, such as young age, child care, young siblings, and recent antibiotics, are not able to fully account for the marked differences seen among communities (10, 14) . Similar regional differences have been observed in the prevalence of antibiotic resistance of S. pneumoniae (10, 15, 20, 21) . Data from the Centers for Disease Control and Prevention showed that the prevalence of penicillin nonsusceptibility in invasive pneumococcal disease ranged from 15 percent in San Francisco, California, to 33-35 percent in selected counties in Georgia and Tennessee (20) .
Numerous studies have evaluated individual-level predictors of pneumococcal carriage (22) (23) (24) (25) (26) and resistance (15, (27) (28) (29) . However, none has determined whether community characteristics can further predict risk of pneumococcal carriage or carriage of a penicillin-nonsusceptible strain. By definition, census tracts are designed to be relatively homogenous with respect to population characteristics, economic status, and living conditions (30) . A recent study has confirmed the advantages of using socioeconomic data from census tracts over zip code-based measures in predicting gradients of health outcomes (31) .
Although there are no prior studies evaluating censusbased community predictors of pneumococcal carriage, one prior study (32) evaluated the association between invasive pneumococcal disease and geocoded median household income and race. This study found no correlation between median household income and disease until measures of race were included. It reported that lower income areas of predominantly Black race had a higher risk of invasive pneumococcal disease, and higher income areas of predominantly White race had a higher risk of invasive penicillin-nonsusceptible S. pneumoniae (PNSP) disease. However, information on community antibiotic use or other area-based measures was not included, and the study did not account for individual-level characteristics. We hypothesized that community-level characteristics could further predict pneumococcal or PNSP carriage in young children after accounting for individual risk factors. We sought to determine whether community antibioticprescribing rates and census tract measures of demographic and socioeconomic characteristics could reasonably identify geographic areas with high pneumococcal carriage and potentially serve as markers for targeted interventions. We previously reported carriage, susceptibilities, and individuallevel risk factors for pneumococcal carriage and resistance among children less than 7 years of age from 16 Massachusetts communities (16) . We now report potential community-level predictors within the same cohort.
MATERIALS AND METHODS
The study population consisted of young children from 16 Massachusetts communities from whom nasopharyngeal swabs were obtained while visiting their medical providers between March and May 2001. Details of our prospective cohort study have been previously described (16) . Children were eligible if they were less than 7 years of age, resided in a study community, and presented for either routine well care or a "sick visit" at a participating practice. The study protocol and consenting process were approved by the institutional review board of Harvard Pilgrim Health Care. Massachusetts communities were selected on the basis of community population size, minority fraction, and proportion insured by Medicaid. Surveillance was conducted in all 16 communities for pneumococcal and PNSP carriage. Consenting parents filled out a questionnaire and permitted their children to undergo a nasopharyngeal swab. Swabs were processed for isolation of S. pneumoniae, as previously described (16) . Individual characteristics predictive of pneumococcal carriage or PNSP carriage were collected by parent questionnaire and medical record review by one of the investigators (S. H.). The four largest pediatric health insurers in Massachusetts provided individual-level data on antibiotic dispensing from April 1, 1999, through March 31, 2000 . These data were used to calculate prescribing rates in study communities using previously described methodology (33) (34) (35) .
Potential community-level predictors were obtained at the census tract level for each individual child. Census tract information was obtained by geocoding street addresses (Tele Atlas North America, Inc., Menlo Park, California), which were obtained from the medical record. We subsequently confirmed a greater than 97 percent accurate assignment of census tracts based upon a 10 percent sample crossreferenced with the US Census Bureau Factfinder (36). We selected, a priori, census tract variables in domains intended to measure population size, population density, age distribution, race, use of child-care facilities, education, hygiene, poverty, and community stability.
Data on census tract characteristics were obtained from the 2000 US Census Bureau website and imported into a SAS (SAS Institute, Inc., Cary, North Carolina) data set. Univariate descriptions of mean, median, and range were obtained for each continuous census tract variable, and linear correlation matrices were obtained using census tract variables and previously described individual-level predictors (16) . Variables were dichotomized as a result of our hypothesis that threshold levels of social and economic disadvantage exist when exerting an effect on pneumococcal carriage and resistance.
We dichotomized each census tract variable according to the threshold most predictive of pneumococcal carriage, in keeping with the exploratory nature of our analysis. This was accomplished through the use of recursive partitioning (37) (Classification and Regression Trees software; Salford Systems, San Diego, California), which determined if a cutpoint existed based upon 10-fold cross-validation. In this process, the data were randomly divided into 10 equal subsets. Nine subsets were used as learning data to determine a cutpoint predictive of carriage with a tenth subset used as a test sample. This process of selecting 10 subsets was repeated 10 times to determine if a valid cutpoint existed based upon statistical measures of error rates. Variables in the domains of education, hygiene, and poverty were dichotomized using the subset of children receiving less than 4 hours of child care per week based upon questionnaire responses. The decision to dichotomize these variables using a subset of children was based upon the finding of an interaction between child care and these domains.
Because previous studies have repeatedly demonstrated a large magnitude of association between individual predictors and pneumococcal carriage and resistance, we anticipated a substantial amount of confounding due to individual-level risk factors. For this reason, we chose to initially evaluate each community-level variable within a base logistic regression model composed of only individual predictors. Using the same individual predictors of carriage of S. pneumoniae and PNSP previously found to be significant in this cohort (16), we defined the base logistic regression model composed of only individual predictors. This base model included participation in child care, age (categorized as less than 5 months, from 5 to less than 24 months, 24 to less than 36 months, and greater than or equal to 36 months), siblings less than 6 years of age at home (categorized as none, one, or greater than one), current respiratory tract infection (upper respiratory tract symptoms, otitis media, sinusitis, or cough illness), history of being breastfed for greater than 2 months, and antibiotic exposure within the prior 2 months. Information regarding child care, siblings, and breastfeeding was obtained from questionnaires. Information on respiratory symptoms and antibiotic exposure was obtained from both questionnaires and medical records (16) .
Each census tract variable was added one at a time to this base model. Those with cutpoints determined by recursive partitioning were entered as dichotomous variables, and those in which validated cutpoints were not found were entered as continuous variables. Census tract variables predictive of pneumococcal or PNSP carriage at the α ≤ 0.15 level in the base model were then grouped, along with known individual-level predictors, and evaluated with stepwise backwards elimination using generalized estimating equations (38, 39) to account for clustering within census tracts. In this final model, predictors were retained at the α ≤ 0.05 level, with the exception of recent antibiotic use, which was locked into the model regardless of the α level. Interactions between child care and measures of education, hygiene, and poverty were further evaluated.
Following the identification of significant census tract predictors, we calculated the excess risk and population attributable risk (etiologic fraction) of pneumococcal carriage associated with census-level versus individual-level variables (40) (41) (42) . Excess risk was calculated as the risk difference between the risk of carriage in a child with a single predictor of carriage compared with the risk of carriage in a child lacking all evaluated predictors of carriage. Population attributable risk was calculated as the proportion of cases that would have been prevented had that specific risk factor been eliminated from our study population.
RESULTS
Of 742 children with nasopharyngeal cultures and questionnaire data, 710 had available address information that could be localized to 184 US census tracts according to 2000 US Census definitions. The most common reason for lack of census tract assignment was the use of a post office box address. Study population demographics and individual characteristics are shown in table 1 for all study population members with assigned census tracts. Our population consisted predominantly of White children, with half less than 24 months of age. Forty percent of the children had received an antibiotic in the prior 2 months, and half had received at least one dose of the heptavalent conjugate pneumococcal vaccine. Among children aged from 5 months to less than 24 months, 74 percent had received at least two doses of the conjugate vaccine. The number of study population members within any given census tract ranged from one to 19, with a mean of four. Of the 184 children with S. pneumoniae isolates, 23 were missing penicillin susceptibility data.
Characteristics of the census tracts in which study population members live are provided in table 2, along with the cutpoints determined by recursive partitioning for carriage of any S. pneumoniae strain. A cutpoint could not be found for the three measures of race and two measures of community stability; each of these measures was evaluated in the model as a continuous variable. Community antibiotic rates were based upon 51,574 person-years of insurer enrollment. Each of the four insurers contributed greater than 10,000 person-years of prescribing data.
The value and significance of individual-level characteristics did not vary substantially with the addition of various census variables. When added individually to the base model, 10 census variables had p values of 0.15 or less. These variables included living in a census tract with 8,000 persons or more, an average household size of 2.9 persons or more, 700 children or more aged less than 6 years per square mile (2.59 km 2 ), 6 percent or more persons less than 6 years of age, 40 percent or more adults with less than a high school education, 0.5 percent or more units lacking plumbing, 20 percent or more persons in poverty, a median household income of less than $35,000, 6 percent or more unemployment among persons aged more than 16 years who are seeking employment, and less than 45 percent of housing being owner occupied. These ten variables were entered into a backwards stepwise elimination model along with individual predictors. Figure 1 shows the final model for the outcome of pneumococcal carriage, including significant census tract predictors, individual predictors, and interactions. All evaluated individual measures were significantly associated with carriage, including recent antibiotic use, which reduced the risk of pneumococcal carriage (odds ratio = 0.6). The addition of census tract variables significantly improved the fit of the model in predicting pneumococcal carriage compared with the model with individual predictors alone (chi square = 50.1, df = 3, two-sided p < 0.0001). Two census tract measures, living in a census tract with an average household size of 2.9 or more and living in a census tract with a median household income of less than $35,000, significantly predicted pneumococcal carriage. Furthermore, the predictive value of living in a census tract with a median household income of less than $35,000 was interchangeable with any of several measures, including living in a census tract with 20 percent or more persons in poverty, 6 percent or more unemployment (of persons over age 16 seeking employment), 40 percent or more adults with less than a high school education, less than 45 percent of housing owner occupied, 0.05 percent or more persons lacking home plumbing facilities, or 700 children or more aged less than 6 years per square mile. The risk of carriage associated with each of these variables when replacing the median household income in the model is provided for children not attending child care (figure 1).
Participation in child care (≥4 hours per week) was inversely correlated with measures of socioeconomic status. In addition, an interaction between child-care attendance and measures of socioeconomic disadvantage was noted. For example, children not attending child care who were living in census tracts with median household incomes of less than $35,000 had a 2.7-fold increased risk of pneumococcal carriage compared with children not attending child care in census tracts with median household incomes of $35,000 or more. In census tracts with median household incomes of $35,000 or more, child care conferred a 2.9-fold increased risk of pneumococcal carriage. However, children attending child care and living in census tracts with median household incomes of less than $35,000 did not have risks of carriage higher than either predictor alone. This interaction was seen consistently between child care and the other census measures interchangeable with median household income.
In modeling carriage of PNSP, we added census tract variables to a base model of individual predictors including age, child care, respiratory tract infection, and antibiotics within 2 months. In the final model, we found that children living in census tracts with 40 percent or more adults with less than a high school education had a higher risk of PNSP carriage (figure 2). Furthermore, the predictive value of low educational attainment was interchangeable with a high density of children. Although participation in child care and living in census tracts with a lower educational attainment (or a high density of children) appeared to confer additive risks for PNSP carriage, this finding was not statistically significant.
In the final model of pneumococcal carriage, only individual-level antibiotic use, not community-level antibiotic use, was associated with carriage. In the final models of PNSP carriage, neither individual-level nor communitylevel antibiotic use was associated with carriage of PNSP. Other individual-level variables, such as race, frequent otitis media, receipt of the heptavalent pneumococcal vaccine, and Nasopharyngeal carriage of penicillinnonsusceptible S. pneumoniae disease 55 8 smoking exposure, were similarly not predictive, as previously reported (16) . In calculating the excess risk of total pneumococcal carriage associated with various predictors, we found similar excess risks of carriage associated with child-care attendance and living in low-income census tracts. There was a 9.7 percent excess risk associated with child care and a 9.3 percent excess risk associated with living in a census tract where the median household income was less than $35,000. There was a 5.4 percent excess risk associated with living in census tracts with an average household size of 2.9 persons or more.
In our study sample, the fraction of pneumococcal carriers attributable to community-level predictors was 2.5 percent for living in a census tract with an average household size of 2.9 persons or more and 3.7 percent for living in a census tract with a median household income of less than $35,000. In comparison, the population attributable risk for the following individual-level predictors was 4.7 percent for having one or more siblings under 6 years of age, 5.2 percent 
DISCUSSION
Individual-level risk factors alone have not been able to account for the marked differences in the prevalence of pneumococcal carriage or resistance among various cities or counties (10, 14) . One explanation for this is that environmental or community characteristics such as poverty, educational level, or crowding may influence an individual's risk for carriage. This may be particularly relevant to outcomes describing infectious agents, such as S. pneumoniae, since transmission to a given child is likely to depend on whether neighboring children or family members have risk factors for organism acquisition. We show that routinely collected, publicly available characteristics of the community surrounding an individual can be predictive of pneumococcal or PNSP carriage in young children.
We found that living in a census tract with an average household size of 2.9 persons or more conferred three times the odds of pneumococcal carriage, possibly due to an increased number of close contacts leading to enhanced pneumococcal transmission. In addition, several measures of socioeconomic disadvantage conferred from 1.7-to 2.7-fold odds of carriage, including measures of household income, home ownership, federal poverty, unemployment, lack of plumbing, and low educational attainment, even after adjusting for individual risk factors such as age, young siblings, history of breastfeeding, respiratory symptoms, recent antibiotics, and child-care attendance. These measures of low socioeconomic status were of similar direction and magnitude, and they were interchangeable within the predicted model, suggesting redundancy. The addition of census tract variables significantly enhanced the fit of the model in predicting pneumococcal carriage. Further investigation is needed to determine whether these variables represent distinct predictors of pneumococcal carriage, or whether they reflect facets of a single predictor. Interestingly, carriage was predicted by a cross-validated cutpoint of poverty where 20 percent or more persons within the census tract live below the US poverty line. This cutpoint coincides with the federal definition of a poverty area (43) , supporting our initial hypothesis that a threshold value of community disadvantage may be predictive of pneumococcal carriage. In these poverty areas, 69 percent of persons have individual household incomes above the federal poverty line (43) . Although poverty is not an individuallevel risk factor for these individuals, we show that the low average household income in their community confers increased risk of pneumococcal carriage related to external poverty effects. This exemplifies the way an individual's surroundings can affect health outcome beyond individual characteristics.
Much attention has been given to risks of pneumococcal carriage and infection attributed to child-care attendance in young children (44) (45) (46) (47) , particularly because of concerns that child-care centers may serve as loci of infectious transmission (48) (49) (50) . In fact, several studies have described methods of intervening in child-care facilities to mitigate this risk (51) (52) (53) . We found that living in a census tract with a low economic status conferred an excess risk (9-10 percent) of pneumococcal carriage equivalent to that of child-care attendance.
Child-care attendance did not increase the risk of carriage of S. pneumoniae for children already living in socioeconomically disadvantaged communities. In contrast, childcare attendance significantly increased the risk of carriage in children from socioeconomically advantaged communities. One explanation for this is that conditions of close contact among numerous young children in child care may enhance pneumococcal transmission similar to conditions of disadvantage, perhaps related to poverty, crowding, or limited opportunities for good hygiene. For example, for both pneumococcal and PNSP carriage, we found that living in a socioeconomially disadvantaged census tract was interchangeable with living in a census tract with a high density of children under 6 years of age. Perhaps transmission within and between densely populated, impoverished neighborhoods partly explains findings that identical antibiotic-resistant pneumococcal clones are found in children from geographically distant child-care centers across multiple years (54, 55) .
We also found that low educational attainment was significantly predictive of PNSP carriage and interchangeable with the predictive value of a high density of children. These findings may generally represent a disadvantaged socioeconomic environment. Predictors of PNSP were similar when evaluating pneumococcal carriers alone. We present data from the entire cohort for two reasons. First, carriage status is often unknown. Second, in evaluating antibiotic use, restricting the analysis to carriers introduces bias toward finding an antibiotic effect. This is because the control group (children harboring antibiotic-sensitive strains) is less likely to have received antibiotics since antibiotics enhance organism clearance (56, 57) .
We did not find individual-or census tract-level measures of race to be significantly predictive of carriage of S. pneumoniae or PNSP. Prior studies have found an association between White race and increased antibiotic use (58-60) but conflicting associations between individual-level race and invasive pneumococcal disease (1, 20) . Two studies have shown that invasive pneumococcal disease is more common among Blacks, but invasive disease due to PNSP is more common among Whites (32, 61) . It is likely that the high predominance of White race among our study population and the associated census tracts limited our ability to detect a significant association. Nevertheless, perhaps the higher incidence of invasive disease among Blacks is related to an association with low economic status, and perhaps the higher incidence of PNSP among Whites is related to a correlation among White race, higher income, and the ability to afford child care.
Surprisingly, community antibiotic prescribing rates were not associated with either reduced pneumococcal carriage or increased PNSP carriage despite estimates from over 50,000 person-years of prescribing data and a longstanding history of using health plan data in epidemiologic research (62) . Although the reason for this is unclear, explanations may include insufficient power due to the limited number of PNSP strains, an inadequate range of community rates to detect a difference, and the choice to account for clustering at the census tract level, rather than at the community level. In support of this, our previous community-cluster analysis of the same cohort demonstrated an association between individual-level antibiotic use and PNSP carriage (16) . Finally, it may be necessary to evaluate distinct classes of antibiotics to find an association given the rise in classspecific antibiotic resistance in S. pneumoniae.
Although the excess risk of pneumococcal carriage associated with living in a census tract with low socioeconomic position was similar to the excess risk associated with child care, there was a substantially smaller fraction of children who came from socioeconomically disadvantaged census tracts compared with the fraction in child care. Thus, in our study sample, the fraction of cases attributable to community-level predictors was generally smaller for significant census tract variables (3-4 percent) in comparison with the population attributable risk for individual-level predictors, particularly child-care attendance and age (from 5 to less than 24 months of age). It is worth noting that population attributable risks may not be strictly additive in nature (63) .
Although individual characteristics are strong predictors of carriage and resistance, attention to the additional risks attributable to the community in which an individual lives may further quantify risks for pneumococcal carriage or resistance. Knowledge of community factors is likely to have its greatest utility for researchers or public health authorities targeting communities for interventions to increase vaccine penetration, promote hand hygiene, or reduce unnecessary antibiotic prescribing. This is particularly true when individual-level data are not available or easily obtainable. Community factors may also have some utility in better categorizing young pediatric patients as low or high risk, particularly in children not attending child care. Finally, the study of community-level variables such as density, crowding, educational level, and poverty opens important areas of research to help further our understanding of pneumococcal transmission.
